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 
Abstract- We investigated the capability of micro-
structured optical fibers to develop multi-functional, 
remotely-controlled, Optical Frequency Domain 
Reflectometry (OFDR) distributed fiber based sensors to 
monitor temperature in nuclear power plants or high 
energy physics facilities. As pure-silica-core fibers are 
amongst the most radiation resistant waveguides, we 
characterized the response of two fibers with the same 
microstructure, one possessing a core elaborated with 
F300 Heraeus rod representing the state-of-the art for 
such fiber technology and one innovative sample based on 
pure sol-gel silica. Our measurements reveal that the 
Xray radiations do not affect the capacity of the OFDR 
sensing using these fibers to monitor the temperature up to 
1 MGy dose whereas the sensing distance remains affected 
by RIA phenomena. 
Index Terms—Optical fiber sensors, radiation, Rayleigh 
scattering. 
I. INTRODUCTION
of Fiber Bragg Gratings (FBGs) [3] or with distributed 
measurements based on scattering mechanisms [4]-[8]. 
In the panorama of fiber-based distributed sensing techniques 
several studies are devoted to investigate the employment of 
these sensors classes in harsh environments [4]-[8]. In 
particular, X. Phéron et al. [4] reported that Brillouin based 
sensors are affected by radiation because it induces an 
additional Brillouin frequency shift (BFS) that affects 
temperature and strain measurements. On the other hand, 
Radiation Induced Attenuation (RIA) degrades the response of 
Raman temperature based sensors by degrading differently the 
Stokes and Anti-Stokes signals [5], [6].  OFDR is one of the 
most promising techniques since it offers the best spatial 
resolution of few µm over 70 m of fiber length [9]. Moreover, 
our recent study showed that radiation does not affect 
Rayleigh mechanisms at the basis of this technique: indeed, 
temperature and strain coefficients remain unchanged, within 
the 5%, of error up to 10 MGy (SiO2) for a large variety of 
standard fiber classes [7]. However, the potentialities of 
OFDR sensors are affected by RIA phenomena [7] which 
limits the sensing range. Therefore, before integration of the 
OFDR-based systems in harsh environments, their tolerance to 
the constraints associated with high levels of radiations have 
to be demonstrated.  
The parameters having significant effects on RIA are well 
known, a very influential one concerns the nature of the 
dopants used to modulate the refractive index profile of the 
fiber core and cladding [10], [11]. Radiation also, can 
introduce structural changes in glass matrix by varying locally 
refractive index and modifying the scattering amplitude as a 
function of the length for a given fiber. In terms of optical 
fiber sensors (OFSs) performances, these changes can 
influence Rayleigh distributed measurements introducing 
errors in the measurement of controlled parameter, especially 
for in situ measurements. 
The development of microstructured optical fibers (MOFs) 
is one of the most innovative progresses in the field of optical 
waveguides. These fibers present wavelength scale structures 
with a refractive index contrast that provides them unusual 
properties [12]. Two types of MOFs are usually distinguished: 
photonic bandgap (PBG) MOFs in which the light remains 
confined in a low index core thanks to a PBG cladding and 
high index core fibers in which the light is guided via 
modified total internal reflection (MTIR).  
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URING the last decades the interest on fiber-based devices
D increased their demand for several applications such as
sensors, diagnostics…, in particular for their employment 
in harsh environments associated with nuclear power plants, 
space or high energy physics facilities  [1]. Thanks to some 
fibers advantages such as fast response, reduced volume and 
weight, several techniques are developed for monitoring 
different environmental parameters such as temperature, strain 
and radiation dose by replacing punctual sensor technologies 
by one sensor exploiting the whole optical fiber length 
sensitivity to external change [2] in a discrete way as the case 
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In literature, the transient radiation response of hollow core 
PBG (HC-PBG) fibers [13] is discussed and their steady state 
radiation responses have been presented by G. Cheymol et al. 
in [14]-[16]. From these studies, it appears that HC-PBG 
fibers are very promising for integration in steady state high 
dose level radiation environments where they exhibit RIA as 
low as 2.1 dB/km after 1 MGy at 1550 nm [16]. However the 
results are more complex for transient - or pulsed–irradiation, 
as discussed in [13]. Furthermore, several issues limit the use 
of HC-PBG fiber such as the reliability, the splicing with other 
fibers, sources or detectors and their high costs. On the other 
hand, MTIR MOFs are easier to handle and present several 
useful properties that could be exploited to design new laser or 
plasma fiber-based diagnostics. Depending on their micro-
structuration, such fibers can be endlessly single-mode, 
present less sensitivity to bending loss, larger mode field 
diameters to limit non-linear phenomena occurring at high 
signal power. Another possible advantage, under irradiation 
and for fiber sensing, consists in their homogeneity in terms of 
glass properties. Such fibers can be made of a unique glass 
composition, without dopants or impurities to limit the fiber 
transmission degradation [10] or to limit the residual strain 
resulting from the different properties of core and cladding. To 
our knowledge, only a few studies have been devoted to the 
radiation response of this class of waveguides [17]-[19]. In 
[17], a prototype MOF was tested and its high radiation 
sensitivity was attributed to the silica glass tubes used to 
design the fiber, the tested fiber being no more representative 
of today’s advances. More complete comparative studies 
between MOFs and conventional fibers showed that pure-
silica or fluorine doped MOFs, which offers specific 
advantages compared to conventional fibers, are promising for 
use in harsh environments as the ones associated with 
Megajoule class lasers due to their radiation tolerance [18] 
[19]. 
In this work we study the steady state effects on Rayleigh 
radiation response of MOFs for distributed temperature and 
strain sensors up to 1 MGy dose levels. In particular, we 
explored the performances of Sol Gel originated MOFs, a 
promising technique that permits to obtain several classes of 
fibers with unique optical properties [20] [21]. Up to the best 
of our knowledge, this is the first study combining OFDR 
technique with MOFs, and for this reason we focused our 
attention on two pure silica core (PSC) samples that are 
known to be among the most radiation resistant classes of 
fibers, to compare our results with their standard counterpart. 
The goal of this work was to investigate on sensing capability 
of MOFs adapted for radiation applications. For this, we 
experimentally determined the temperature sensitivity 
coefficient of the two MOF samples before and after 
irradiation and we compared, during irradiation, the 
temperature changes monitored by thermocouple and through 
our OFDR sensor probing the added values of MOF fibers. A 
characterization of spectral RIA and its kinetic are also 
reported to evaluate the RIA related limitation that will lead to 
a comprehension on the work to be done for the integration of 
MOF distributed sensors in harsh environments. 
II. MATERIAL AND METHODS
A. Investigated samples
The two investigated air/silica MOFs have been fabricated 
by the PhLAM-IRCICA laboratory in Lille (France) by the 
stack and draw technique. Both fibers present the same 
microstructured geometry, reported in Fig. 1 (a), with a hole 
diameter of 1.8 μm and a pitch Λ =3.9µm. The two fibers are 
made of different pure silica classes. 
MOF1 is entirely made of pure-silica glass F300 tubes 
(Heraeus) with an adapted procedure to ensure a limited 
concentration of OH group at the tube surfaces that causes an 
excess of optical losses. The optical losses in this fiber 
(MOF1) are around 4 dB/km at 1550 nm.  
MOF2 fiber core originates from Sol-Gel silica at low 
OH(<1ppm) [22] concentration and is combined to F300 
Hereaus silica capillaries for the cladding region. Since no 
special cleaning procedure was applied to the sol-gel silica 
rod, the attenuation of this fiber (MOF2) is around 20 dB/km 
at 1550 nm.   Fig. 1  (b) and Fig. 1  (c) report a 2D mapping of 
PL intensity around 400 nm under 325nm laser excitation in 
the microstructured cladding from -30 µm to 30 µm in both x 
and y direction with a step of 1.5 µm. This study highlights the 
presence of some emitting centers in the non-irradiated MOFs 
at the border of microstructured region due to processes 
fabrication.  
Fig. 1 SEM images of the MOF1 fiber that is representative of the structure 
of both tested samples (a); A mapping of luminescence around 400 nm under 
325nm excitation of in the microstructured part of the samples (highlighted by 
dotted square in (a)) is reported in (b) and (c) for MOF1 and MOF2 
respectively, to evidence the presence of some emitting sites at the border of 
microstructured region.  
If we compare Fig. 1 (a) with Fig. 1 (b) and Fig. 1 (c) we 
can note that the presence of these centers is correlated with 
the presence of the most extern microstructured region: the 
centers appear in the region where the holes are not present. 
Likely, used tubes in the fabrication process presented some 
impurities inside that may cause the PL showed in Fig. 1 (b) 
and Fig. 1 (c). However, these emitting centers are far from 
the region of light propagation, thus not influencing the optical 
properties in the core.   
B. Irradiation facilities
We investigate steady state as well as permanent radiation 
effect performing X-ray irradiations with the X-ray source 
facility (MOPERIX) in Laboratoire Hubert Curien (Saint 
Etienne, France). The dose-rate is evaluated with a probe in 
different points of the irradiation chamber, where cartography 
was performed. By a statistic done on obtained values in the 
chosen uniform region, we evaluate the dose-rate in our 
experiments that is (3.2±0.1) Gy(SiO2)/s and the reached dose 
is 1 MGy(SiO2). Irradiations were performed at room 
temperature controlled by a K type thermocouple to register 
the fluctuation over time from day to night inside irradiation 
chamber. 
C. Distributed temperature measurements
Distributed sensing measurements were done with an 
Optical Backscatter Reflectometer (OBR) 4600 from Luna 
Technologies. In all measurements described below the laser 
source was tuned over a range of 21 nm with a center 
wavelength around 1550 nm (with accuracy of 1.5 pm), 
yielding to a nominal spatial resolution of the Rayleigh scatter 
pattern of 40 µm along the investigated optical fiber 
propagation axis. 
In situ OBR measurements were performed under X-ray 
irradiation on ~1 m -long fiber spooled on an aluminum plate 
in a circular zone of constant dose rate with a diameter of 
8 cm. The acquisition is made every 5 sec during the first 
period of irradiation and then each 5 minutes; temperature is 
monitored by the comparison with a type K thermocouple data 
stuck on the same plate inside irradiation zone and close to the 
fiber.  
Temperature calibration was done in an oven controlled by 
a type K thermocouple after irradiation; an example of 
recorded spectral shift as a function of optical fiber length is 
reported in Fig. 2 for non-irradiated and irradiated part in the 
different temperature steps. For such experiments, the samples 
of the same fiber type, both non-irradiated and irradiated one, 
were tested together (the total length of the sample was ~2m) 
to perform the temperature treatment at the same time. CT was 
deduced from the slope of the Rayleigh spectral shift with 
temperature in the range from 30 °C up to 70 °C with a ΔT of 
5 °C. 
Fig. 2 Rayleigh spectral shift in the non-irradiated and 1 MGy irradiated 
MOF1 as a function of the path length at 9 different temperatures from 30 °C 
(reference trace) to 70 °C. 
D. Confocal micro-luminescence investigation
The permanent irradiation effects were studied via confocal 
micro-photoluminescence (PL) by using a LabRam Aramis 
spectrometer, equipped with a He-Cd ion laser probe emitting 
at 3.82 eV (325 nm), a x40 objective and micro-translation 
stages. The corresponding spatial resolution was about 1.5 μm. 
The CML measurements are performed for both samples, 
before and after irradiation, the same experimental conditions 
(e.g. same length of the samples that were ~3 mm long, same 
days to assure not fluctuation of the laser source …), to 
compare the two samples as well as the non-irradiated 
irradiated fiber luminescence properties.  
E. RIA measurements
In addition to the previously described tests, the same fibers 
were characterized with another setup allowing the 
measurement of the temporal (5 s time resolution) and spectral 
dependence (900-2200 nm) of the RIA during and after the X-
ray exposure. To this end, we used a laser-driven light source 
(EQ99 from Energetiq) and a near-IR spectrophotometer 
NIRQuest 512. For these measurements the samples are 20 m 
long and the temperature is monitored during the 
measurements with a type K thermocouple.  
III. EXPERIMENTAL RESULTS 
A. Evaluation of sensor performances
Temperature characterization on non-irradiated MOFs is 
shown in Fig. 3 where measured Rayleigh spectral shift as a 
function of temperature is reported together with linear fits for 
both samples. We observe a linear dependence in the two 
fibers, providing evidence for the potential of such fibers for 
temperature measurements. Extracted coefficients are obtained 
by making an average of the values obtained in each sensing 
point. We find close coefficients for the two fibers: 
(6.40±0.04) °C
-1
 for MOF1 and (6.44±0.01) °C
-1 
in MOF2, the 
errors being obtained from standard deviation on all the 
values. These values of CT are used to calculate the 
temperature of MOFs sensors during irradiation. 
Fig. 3 Rayleigh spectral shift dependences on temperature for MOF1 (red 
circles) and MOF2 (blue circles) with respective linear fits (red and blue 
straight lines) before irradiation. 
To investigate the steady state radiation effect on OFDR 
measurements, we irradiated our samples up to a total dose of 
~1 MGy(SiO2) at a dose rate of (3.2±0.1) Gy/s through 87 
hours run duration. In Fig. 4 are reported the obtained results 
for MOF1. We followed at the same time the temperature 
evolution with a thermocouple placed near the fiber in the 
irradiation zone. The temperature profiles obtained with the 
fiber and the thermocouple are shown in Fig. 4 (a), where fiber 
temperature was obtained by an average along the fiber 
segment under irradiation. We find that profiles are close and 
we are able to follow temperature increase during the first 
minutes of irradiation (due to the switch on of the X-ray tube) 
as well as temperature fluctuation from day to night inside the 
chamber. By comparing the temperatures measured by OFDR 
and the thermocouple we calculate the ΔT to highlight the 
possible differences caused by the irradiation. Results are 
shown in Fig. 4 (b) evidencing that radiation does not affect 
Rayleigh temperature measurements: indeed, except for a 
small decrease during the first minutes of irradiation, ΔT 
remains constant around the value of (-0.27±0.06) °C during 
the whole irradiation time.  
Fig. 4 (a) Temperature profiles obtained from MOF1 (red circles) and 
thermocouples (black circles) data and (b) differences between OFDR and 
thermocouple measurements as a function of time during irradiation (up to 1 
MGy(SiO2) dose).  
We found that temperature measured by OBR well agree 
with thermocouple one; however some differences are present 
between the two profiles. To better understand on the origin of 
this variation we show in Fig. 5 the temperature as a function 
of fiber length in MOF1 before the irradiation and for several 
doses up to 1 MGy. We can see that temperature is not 
homogeneous along the sample, with fluctuation from 0.7 °C 
at 10 kGy to 2 °C at 1 MGy. This profile can due to variation 
in the temperature in the irradiation chamber, since that 
temperature at the fiber level was not imposed by external 
devices, but also to the presence of some stressed parts in the 
spool that evolve with the time. Indeed, we note that 
temperature distribution remains more or less the same with 
the increasing of the doses. 
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Fig. 5 Temperature distribution along the fiber length in MOF1 for non-
irradiated sample (open black points) and sample irradiated at 10 kGy (black 
points), 50 kGy (red points), 100 kGy (green points), 500 kGy (blue points) 
and 1 MGy (orange points).  
The same investigation was carried out for MOF2 and the 
results are reported in Fig. 6 and Fig. 7. 
Fig. 6 (a) Temperature profiles obtained from MOF2 (blue circles) and 
thermocouples (black circles) data and (b) differences between OFDR and 
thermocouple measurements as a function of time during irradiation (up to 1 
MGy(SiO2) dose). 
As before, we see that OFDR and thermocouple 
temperature profiles match each other [Fig. 6 (a)] during the 
entire irradiation time, giving the possibility to detect 
temperature variation due to turning on of radiation as well as 
from day to night temperature changes. ΔT values in Fig. 6 (b) 
show that no radiation effects influence temperature 
measurements for MOF2 being variations scattered around 0 
°C (with higher dispersion of 0.2 °C). 
Temperature distribution along the fiber length is reported 
in Fig. 7 for non-irradiated MOF2 and sample irradiated at 
different doses. Here, we can see better what we already 
observe in MOF1. Indeed, temperature profiles along the fiber 
are the sample at the different doses. We can also note that 
between (13.40±0.01) m and (13.58±0.01) m the fiber 
temperature is substantially different from the other part of the 
sample. It is possible that when we stuck the fiber on the 
aluminum plate we apply some stress that evolves with time, 
thus leading to recorded variation. If we do not take in account 
this part of the sample, we obtain temperature variation along 
the fiber profile of 0.7 °C for all the doses.  
Fig. 7 Temperature distribution along the fiber length in MOF2 for non-
irradiated sample (open black points) and sample irradiated at 10 kGy (black 
points), 50 kGy (red points), 100 kGy (green points), 500 kGy (blue points) 
and 1 MGy (orange points). 
Fig. 8 Rayleigh spectral shift dependences on temperature for MOF1 (red 
circles) and MOF2 (blue circles) with respective linear fits (red and blue 
straight lines) after irradiation.  
After irradiation we performed a new temperature 
calibration to evaluate possible changes in CT. Linear fits on 
Rayleigh spectral shift dependence on strain illustrated in Fig. 
6. give CT values of (6.44±0.01) °C
-1 
in MOF1 and
(6.44±0.02) °C
-1 
in MOF2 highlighting that radiation does not 
induce changes in temperature calibration curves. 
B. Investigation on radiation induced MOF changes
Spatial distribution of radiation induced defects was studied 
over the transverse fiber section, thanks to the confocal micro-
luminescence setup. Fig. 9 (a) shows typical PL spectra 
emitted from the core center and microstructured part of the 
cladding, in a region without holes, for non-irradiated and 
irradiated MOF1 at 1 MGy(SiO2). Spectra exhibit a band 
peaked at 650 nm related to non-bridging hole oxygen centers 
(NBOHC) [24, 25] that is around 3 times more intense in the 
core center than in the cladding for irradiated sample whereas 
no PL luminescence in highlighted from non-irradiated one. 
The map of the PL intensity around 650 nm is reported in Fig. 
9 (b), in the microstructured cladding and core of MOF1, 
showing that NBOHCs are concentrated in the core region 
even if a smaller amount of defects was induced by radiation 
also in the cladding.  
Fig. 9 (a) PL spectrum emitted from 1 MGy(SiO2) MOF1 (solid line) and 
non-irradiated (dotted line) from the core center (black) and the cladding (red) 
under excitation at 325 nm. (b) Map of the PL intensity around 650 nm in the 
1 MGy(SiO2) MOF1 shows that concentration of emitting centers around 650 
nm is higher in the fiber core.  
PL spectra emitted from the core center and microstructured 
part of the cladding in non-irradiated and irradiated at 1 
MGy(SiO2) samples, as well as the  map of PL intensity 
around 650 nm for irradiated MOF2 are reported respectively 
in Fig. 10 (a) and Fig. 10 (b). Here again, we find the 
NBOHCs that are distributed in the microstuctured region 
with a maximum concentration in the solid pure silica core.  
The maps of the PL intensity around 400 nm in the samples 
irradiated at 1 MGy(SiO2) are not changed from those reported 
in pristine samples in Fig. 1 (a) and Fig.  1 (b) showing the 
presence of some blue emitting centers at the border of 
microstructured region due to stack and drawn fabrication 
processes that remain unaffected by radiations. 
Fig. 10 (a) PL spectrum emitted from 1 MGy(SiO2) MOF1 (solid line) and 
non-irradiated (dotted line) from the core center (black) and the cladding (red) 
under excitation at 325 nm. (b) Map of the PL intensity around 650 nm in the 
1 MGy(SiO2) MOF1 shows that concentration of emitting centers around 650 
nm is higher in the fiber core. 
IV. DISCUSSION 
Confocal micro luminescence investigation revealed that X-
rays induce point defects in our MOFs: NBOHCs are created 
during irradiation with distribution of these defects [as shown 
in Fig. 9 (b) and Fig. 10 (b)] being more concentrated in the 
core, phenomenon that can be due to a collapse of the core 
occurred during the fabrication of MOFs.  
It is known that radiation affects the OFDR-sensor 
response: a factor which limits their employment in presence 
of radiation is RIA by reducing the sensing range [7]. For our 
70 m sensing range, considering that the maximum total losses 
permitted by the OFDR are 10 dB, we investigate the RIA in 
the infrared part of the spectrum to estimate the integration of 
such sensors in radiation environments. The results highlight 
that high level of online RIA are reached at 1 MGy(SiO2) for 
both fibers. Fig. 11 reports online spectral RIA measurements 
at different accumulated doses from 1.2 µm up to 2 µm, 
compared with the maximum values of RIA (highlighted with 
grey straight line) permitting to use OFDR-based sensors for 
MOF1.  
Fig. 11 Online radiation induced attenuation spectra in the infrared region 
for MOF1 at different reached total doses from 10 kGy(SiO2) which is the 
lowest curve (black squares) up to 1 MGy(SiO2) that corresponds to the 
highest one (orange squares). The inset shows RIA as a function of time 
during irradiation up to 1 MGy(SiO2) where the losses reach the value of ~150 
dB/km; the gray straight line at 140 dB/km highlights the maximum OFDR 
permitted optical losses at the operating wavelength (1550 nm) for 70 m of 
sensing length. 
Fig. 12 Online radiation induced attenuation spectra in the infrared region 
for MOF2 at different reached total doses from 10 kGy(SiO2) which is the 
lowest curve (black squares) up to 1 MGy(SiO2) that corresponds to the 
highest one (orange squares). The inset shows RIA as a function of time 
during irradiation up to 1 MGy(SiO2) where the losses reach the value of ~400 
dB/km; the gray straight line at 140 dB/km highlights the maximum OFDR 
permitted optical losses at the operating wavelength (1550 nm) for 70 m of 
sensing length. 
We see that RIA increases with the wavelength, excluding 
that the tails of UV-Visible absorption defects-related bands 
can act as the main contributor to this attenuation. We note 
that all the curves, except the one corresponding to 1 
MGy(SiO2), are below 140 dB/km.  Looking better into the 
kinetics indeed, we see that, at 1550 nm (inset of Fig. 11), 
radiation induced losses increase with the irradiation time up 
to reach a value of ~ 150 dB/km at 1 MGy(SiO2), thus 
limiting the sensing length to ~ 65 m. In the case of MOF2 
(see Fig. 12), we obtain RIA values of ~ 400 dB/km that 
drastically decrease the sensing range of the sensor to 25 m 
thus limiting the employment of such fiber types when higher 
tolerance is requested. We note that RIA results agree with 
CML ones, shown in Fig. 9 and Fig. 10, highlighting that Sol-
Gel fiber (MOF2) is more sensitive to radiation than the F300-
based one. 
V. CONCLUSION
In conclusion, obtained results show that OFDR-based 
sensors exploiting MOF fibers are not affected by radiation-
induced errors as it is the case of FBGs, Brillouin, Raman 
sensors. It is known in literature that for FBGs with the 
radiation induces a Bragg Wavelength Shift (BWS) that 
depends on fiber composition [3], Brillouin sensors are 
affected by radiation with the Radiation Induced Brillouin 
Frequency Shifts (RI-BFS) [4] and Raman sensors by the Δα 
affecting the ratio between Stokes and Anti-Stokes 
wavelengths [5], [6]. For OFDR measurements instead we 
find that temperature profiles are well determined in both 
samples with variation from thermocouple reference data 
giving an error on distributed temperature measurement of 
~0.3 °C. More, temperature calibration curves show that CT 
value remains unchanged (within the experimental error) after 
the irradiation up to 1 MGy(SiO2), results that are consistent 
with the previous one reported in [23] where the same samples 
were irradiated up to 50 kGy during a 3 hours long run. We 
see indeed that, distributed sensing is possible within an error 
the same incertitude when the temperature inside the 
irradiation chamber is not stable as well for longer irradiation 
period, permitting to appreciate the from day to night 
temperature variation.  
The results highlighted by RIA measurements show, 
however, that employment of MOFs is limited by the 
attenuation. In particular, Sol-Gel microstructured optical 
fibers are more sensitive to radiation than their standard 
counterpart.  
It is worth to mention that, an improvement in terms of 
optical losses and sensitivity to radiation, by applying  an 
appropriate cleaning procedure to the sol-gel silica rod that 
constitute the fiber core, has to be achieved to extend the 
employment of MOFs to the majority of radiation applications 
but, even with reported performances, the development of 
OFDR sensing based on microstructured pure silica optical 
fibers in harsh environment that seems very promising up to 
the studied doses for fiber length of ~20 m. 
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